The impact was studied of buffer pH (5.8, 6.2, and 6.8) on in vitro digestion kinetics of NDF from alfalfa hay, bromegrass hay, corn silage, and alfalfa and bromegrass hays with raw corn starch added to approximate a ration containing 30% NDF. Ash-free NDF was determined at 0, 6, 12, 18, 24, 30, 36, 48, 72, and 96 h of fermentation. Kinetic parameters were estimated by nonlinear regression using an iteratively reweighted least squares technique. Addition of raw corn starch decreased fiber digestion rate for alfalfa hay and lag for bromegrass hay. Both rate and lag of NDF digestion of all substrates were affected negatively below pH 6.2.
INTRODUCTION
The energy requirements for milk production of high producing dairy cows typically are fulfilled with diets containing 50 to 60% concentrates. As concentrate or starch feeding increases, a reduction in fiber digestion can occur that may be associated with decreased ruminal pH. Kaufman (8) and Erdman (3) reported a direct relationship between ruminal pH and lower fiber content of diets when the proportion of concentrate in rations was varied. Dairy cows fed 24 kg/d of a diet containing 32% starch in the concentrate had an average ruminal pH of 6.1 (14). Ruminal pH was below 6.2 for 70 to 80% of a 24-h period in this study. The optimal pH for ruminal microbes ranges from 6.5 to 6.8 (18, 20) . Cellulolytic bacteria are especially sensitive to low pH compared with amylolytic species (22). Thus, fiber digestion may be depressed at low pH because of negative effects of pH on cellulolytic bacteria.
Mertens and Loften (12) noted the difference between in vitro conditions, in which pH of the system was maintained at 6.8, and in vivo conditions, in which fluctuations in pH below 6.8 often occur. They examined the effect of incremental starch addition on kinetics of forage fiber digestion in vitro at pH 6.8 and discovered that higher starch yielded linear increases in discrete lag prior to fiber digestion with no change in rate. However, their in vitro results could not explain in vivo observations during starch feeding (13) , which showed a more dramatic depression in fiber digestion than could be accounted for by small changes in discrete lag that were observed by Mertens and Loften (12) .
Grant and Mertens ( 5 ) developed and described a buffer system that can be used in a batch in vitro system to maintain pH at 5.8 or 6.8 to examine the effects of different pH on fiber digestion. This system can be used to separate the effect of starch addition from pH changes on kinetics of fiber digestion.
The objective of this experiment was to examine the effect of buffer pH and starch addition on fiber digestion kinetics to determine their influence on important aspects of fiber digestion.
MATERIALS AND METHODS

Sample Preparation
Substrates were dried at 55°C for 48 h and ground through a 1-mm screen using a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA). Alfalfa hay (AH) contained (mean f SD) 45 f .6% NDF (ash-free, DM basis), bromegrass hay (BH) contained 67 f .5% NDF, and corn silage (CS) contained 39 f .8% NDF. Raw corn starch was prepared by grinding dry shelled corn through a 1-mm screen with a Wiley mill and collecting the particles that passed through a 300-pm sieve. The composition of this raw corn starch was 90 f .6% DM, 1.1 f .2% NDF, 1.2 It .4% CP, and .24 f .05% ash. These compositional data were used, and raw corn starch was mixed with AH (AHC) and BH (BHC) in proportions to simulate a diet of approximately 30% NDF. Substrate AHC contained 66% AH and 34% raw corn starch; BHC contained 44% BH and 56% raw corn starch. A 5Wmg sample of each of the five substrates was weighed into 125-ml Erlenmeyer flasks for in vitro kinetic analyses.
In Vitro Procedure
The in vitro procedure was that described by Goering and Van Soest (4) with the following modifications. Buffer solutions of pH 5.8 and 6.2 were obtained by adjustment with 1 M citric acid as described by Grant and Mertens (5). Fermentation times were 0, 6, 12, 18, 24, 30, 36, 48, 72, and 96 h. Neutral detergent fiber residues were measured using .5 g of sodium sulfite per sample and a heat-stable amylase at filtering (A-5426, Sigma Chemical Co., St. Louis, MO). The ruminal fluid inoculum was obtained from a nonlactating Jersey cow fed a medium quality alfalfa and grass hay diet for ad libitum intake. At collection, the pH of ruminal fluid was measured and averaged 6.31 f .25 (mean k SD) for both replicates of this experiment. While purged with C02, the inoculum was blended in a Waring blender (Waring Products Division, New Hartford, CT) for 60 s, strained through two layers of cheesecloth, and filtered through an .ll-mm pore size plastic screen. The pH of flask contents was measured at the end of each fermentation time for each substrate to monitor stability of buffer pH. By 96 h of fermentation, the maximum decline in pH 6.8 flasks was to 6.65, pH 6.2 flasks had declined to 6.15, and pH 5.8 flasks had declined to 5.66. The maximum decline in pH occurred with substrates containing starch.
Statistical Analysis
The model for kinetics of fiber digestion was that described by Mertens (10, 11) and Mertens and Loften (12) . The parameter estimates from the natural log-linear procedure were used as starting parameter values for iteration; the nonlinear regression procedure of SAS (19) was used to estimate fiber digestion kinetics. The Mar- quardt option of nonlinear regression in SAS (19) was chosen, and an iteratively reweighted least squares technique was used in conjunction with nonlinear regression (19). Potential extent of NDF digestion (PED), the percentage of total NDF that is potentially digestible, was determined using the formula PED = 100 x D&Do + INDF).
Predicted ruminal NDF digestibility was calculated using the equation (1 1) where RD = predicted ruminal NDF digestibility and Kp = rate of passage, which was set at .02h for fiber particles.
Parameters of the digestion model estimated by nonlinear regression were analyzed by the general linear models procedure of SAS (19) using a factorial arrangement of substrate and pH. The model included factors for replicate, sample, pH, and interactions. Differences among treatment means for significant main effects were detected using Student-NewmanKeuls procedure (19). Unless otherwise stated, statistical significance refers to P < .05.
RESULTS AND DISCUSSION
Alfalfa hay had the fastest Kd (Table 1) . Corn starch addition to AH lowered Kd and had no effect on lag; in BH, raw corn starch addition had no effect on Kd and decreased lag. However, the effects of starch addition to AH or BH were more consistently expressed as a percentage of the treatment without starch. Addition of raw corn starch decreased Kd of AHC and BHC to 84% of AH and BH and also decreased PED of AHC to 76% of AH and PED of BHC to 81% of BH. Lag of AHC was decreased to 84% of AH; for BHC, it was reduced to 69% of BH. These results suggest that starch addition to AH and BH to achieve a similar NDF concentration in the total substrate may have a proportional, rather than additive, effect on digestion kinetics of fiber for both forages.
Indigestible NDF was reduced because starch diluted the NDF in the original sub- ). Lowering pH to 5.8 lengthened lag prior to digestion (7.47 vs. 4.01 and 3.31h). Buffer pH had no effect on INDF. The detrimental effect of low pH on Kd and L apparently is curvilinear and increases more rapidly as pH decreases below 6.2 for alfalfa and bromegrass. The changes in fiber digestion that occur from low pH may also result from decreased microbial cellulolytic activity. Cellulolytic organisms were sensitive to pH below 6.2 (22). Because significant sample by pH (P < .074) and sample by starch (P < .06) interactions occurred for Kd and for lag, means for all treatment combinations are given in Table 2 . For AH alone, a decline in pH from 6.2 to 5.8 reduced Kd with no effect on lag (Table 2) . However, with AHC, a decrease in buffer pH from 6.2 to 5.8 increased lag and decreased Kd. Starch addition appeared to accentuate the negative effects of low pH on the lag component of digestion.
In contrast with AH, a decline in buffer pH from 6.8 to 5.8 for BH alone resulted in a longer lag with no significant effect on Kd, although pH 5.8 reduced Kd by 24% relative to pH 6.8. With starch addition (BHC), a pH change from 6.2 to 5.8 led to decreased Kd and increased lag. As with AH, starch addition accentuated the negative effects of low pH on fiber digestion, but starch appeared to have a 3Without (-) or with (+) starch.
greater impact on Kd with declining pH for BH than for AH. Unlike AH or BH, the fastest Kd occurred at pH 6.2 for CS (Table 2 ). This observation is unexplained but was consistent across in vitro replicates. Additional research is needed to determine whether this result is consistent for CS. As pH dropped from 6.8 to 5.8, lag increased significantly. Indigestible NDF was lowest for pH 6.8. As with AHC and BHC, Kd decreased, and lag increased, when pH was lowered from 6.2 to 5.8.
Mertens and Loften (12) speculated that fiber digestion kinetics could be altered by changing 1) Kd, 2) lag, 3) PED, or 4) a combination of these three mechanisms. Their work indicated that the primary effect of starch addition when pH was controlled at 6.8 was to increase lag with little or no effect on Kd or on PED. These results agree with the hypothesis of El-Shady et al. (2) that microorganisms preferentially use starch before digesting fiber. This hypothesis was confirmed by the work of Hiltner and Dehority (6) and agrees with the work of Russell and Baldwin (15. 16), who observed that some ruminal microbes have greater preferences and affinities for some carbohydrates (glucose, maltose, and sucrose)
Journal of Dairy Science Vol. 75, No. 10, 1992 than for others (xylose and cellobiose). Some bacteria, such as Bacteroides succinogenes, utilize both cellulose and starch as substrates and may preferentially digest starch (1, 7). Mertens and Loften (12) concluded that small changes in digestion kinetics associated with starch addition at pH 6.8 could not explain the decreases in fiber digestion that occur in vivo when concentrates are fed. They postulated that the primary mechanism for in vivo depression of fiber digestion was due to the indirect effects of rapid starch fermentation on lowering of ruminal pH.
The combined effect of kinetic changes from starch addition and lowered pH is difficult to ascertain without resorting to a model that integrates discrete lag and Kd with rate of passage. The predicted ruminal digestibilities of NDF based on in vitro digestion kmetics given in Table 2 and a rate of passage of . Om for fiber were calculated using the formula discussed by Mertens (1 1). When the data are expressed as a proportion of the ruminal digestibility that is expected at pH 6.8 (with or without starch addition), an interesting pattern is evident (Table 3) . With no starch addition, NDF digestion of AH apparently is depressed only slightly, even at pH 5.8. Addi-tion of starch to AH appears to reduce NDF digestion by 75 to 78% at all pH. The NDF digestion of grasses (BH, BHC, and CS) was more severely depressed by low pH than alfalfa. However, the addition of starch to BH appeared to depress ruminal digestion of NDF at all pH by a proportion similar to that for AH (76 to 79%). The combined effect of adding starch and lowering pH to 5.8 reduced predicted ruminal NDF digestibility of AH and BH to 60 to 70% of that estimated at pH 6.8 without starch. This magnitude of reduction is closer to the 53% reduction observed in vivo by MacRae and Armstrong (9) than that reported by Mertens and Loften (12) when starch concentration, but not pH, was varied in vitro.
When pH was low, and no starch was added, Kd of alfalfa was reduced, and lag for BH was increased. However, when starch was added, there was a consistent trend across all pH for Kd and lag to decrease, except for AH at pH 5.8, for which lag increased. This observation suggests that addition of 34% starch for AHC and 56% starch for BHC may stimulate early fermentation but depress Kd in agreement with the findings of Hiltner and Dehority (6) . Furthermore, our results suggest that the effects of pH and starch addition may be somewhat independent and multiplicative.
Russell and Dombrowski (17), Russell et al. (18) , and Strobel and Russell (21) have documented that low pH can have a detrimental effect on growth rate and competitive advantage of ruminal microbes. Stewart (20) observed that cellulolytic activity is reduced as pH drops below 6.8. Our results indicate that pH below 6.2 diminished Kd of NDF, although whether this effect was due to decreased microbial populations or enzymatic activity is not certain. Research is needed to confirm the differences in digestion kinetics between legumes and grasses when starch is added to the diet and when ruminal pH is decreased. Our results suggest that legumes are less sensitive to changes in pH than grasses, as measured by predicted ruminal NDF digestibility. Additional research is needed to determine the effects of pH, various starch sources, and processing methods on digestion kinetics of fiber from different sources. This information will be useful to model fiber digestion when grain feeding is practiced and to elucidate the factors that cause reduced fiber digestion in vivo under these circumstances.
CONCLUSIONS
Using a buffer system that maintains a stable pH allows the partitioning of effects on fiber digestion kinetics of starch addition and of other factors, such as pH. As pH of the buffer dropped from 6.2 to 5.8, Kd decreased, and lag remained unchanged for AH. Conversely, for BH, as pH decreased, & remained relatively unchanged, but lag increased. For CS, lag increased as pH fell from 6.8 to 5.8, and Kd was greatest at pH 6.2. As pH declined from 6.2 to 5.8, addition of raw corn starch resulted in increased lag and decreased Kd for AH and BH. These changes in in vitro NDF digestion kinetics translated into predicted ruminal NDF digestibilities, which were 60 to 70% of NDF digestibility at pH 6.8 in the absence of starch. These predicted NDF digestibilities compare well with observed in vivo responses to high grain diets.
